The present study assessed whether prenatal androgen and estrogen exposure affected adult spatial learning and hippocampal morphology. Water maze performance, the CA1 and CA3 pyramidal cell field, and the dentate gyrus-granule cell layer (DG-GCL) morphology were assessed at adulthood (70؉ days of age) in males, females, androgen-treated (testosterone propionate, TP, or dihydrotestosterone propionate, DHTP) females (2-4 mg/day), estradiol benzoate (EB)-treated females (100 g/day), and males treated with the antiandrogen flutamide (8 mg/day). Pregnant rats were injected daily (sc) between Embryonic Day 16 and birth; all pups were delivered by cesarean section. Flutamide-treated males were castrated upon delivery, and adult castrates were used to control for activational effects. Steroid-sensitive sex differences were observed in water maze performance in favor of males. Males had larger CA1 and CA3 pyramidal cell field volumes and soma sizes than females, which were feminized with flutamide treatment. TP and EB, but not DHTP, masculinized CA1 pyramidal cell field volume and neuronal soma size; CA3 was masculinized in both TP-and DHTP-treated females, while EB was ineffective. No effects were observed in cell density, number, or DG-GCL volume or due to adult hormone levels. Thus, prenatal androgens and estrogen influence sex differences in adult spatial navigation and exert differential effects on CA1 and CA3 pyramidal cell morphology. Hence, in addition to the previously reported postnatal component, there is also a prenatal component to the critical period in which gonadal steroids organize the neural mechanisms underlying sex differences in adult spatial ability.
The hippocampus has been implicated in many learning and memory functions including spatial mapping (O'Keefe and Nadel, 1978) , working memory (Olton, Collison, and Wertz, 1977; Olton and Papas, 1979) , place learning (Morris, 1981; Morris, Garrud, Rawlins, and O'Keefe, 1982) , reversal learning (Berger and Orr, 1983) , and attentional factors involved in associative conditioning (Mackintosh, 1975) . Although the hippocampus may serve several different functions, a collective body of data from maze navigation and electrophysiological and lesion studies repeatedly indicates that the hippocampus significantly contributes to the processing of spatial information (Jarrard, 1983; Jarrard, Okaichi, Goldschmidt, and Stewart, 1984; Morris, 1983; O'Keefe, 1976; O'Keefe and Nadel, 1978; Olton, Branch, and Best, 1978; Olton and Papas, 1979; Olton and Samuelson, 1976) .
Both spatial navigation and hippocampal morphology are reported to exhibit sex differences in favor of males. In maze tasks, whenever a sex difference is observed, male rats have been reported to perform better than females (Beatty, 1984; Dawson, Cheung, and Lau, 1975; Einon, 1980; Joseph, 1979; McGee, 1982; Stewart, Skvarenina, and Pottier, 1975) , as well as to use different navigational strategies compared to females (Williams, Barnett, and Meck, 1990; Williams and Meck, 1991) . Also, the hippocampus is larger in cross-sectional area (Pfaff, 1966) , and heavier in adult male than in female rats (Madeira, Sousa, CadeteLeite, Lieberman, and Paula-Barbosa, 1993) . Moreover, a sex difference in the size of the hippocampus has been described in the polygynous meadow vole but is absent in the monogamous pine vole, which has been suggested as the neural basis for the greater home range size and spatial ability of male meadow voles (Jacobs, Gaulin, Sherry, and Hoffman, 1990) . At a different level, detailed morphological analyses have revealed complex sex differences in the dendritic morphology of CA3 pyramidal neurons (Juraska, Fitch, and Washburne, 1989) and in the mossy fiber-CA3 pyramidal neuron synapses (Madeira, Sousa, and Paula-Barbosa, 1991) of the hippocampus.
While there is a general consensus on sex differences in spatial ability and hippocampal morphology, underlying mechanisms are not yet fully understood. There is increasing evidence that gonadal steroids may modulate sexually dimorphic spatial ability through their organizational effects in the nervous system. For example, a relationship between androgens and spatial ability is established by studies that manipulated maze navigation by altering exposure to androgens by either castrating male rats or injecting testosterone to female rats within a critical period extending 10 days postpartum. Using this manipulation, several researchers showed levels of spatial performance closer to those which would be expected of the other sex (Dawson et al., 1975; Joseph, Hess, and Birecree, 1978; Stewart et al., 1975; Williams et al., 1990) . Although gonadal steroid-sensitive changes have been demonstrated in hippocampal morphology in pubescent and adult rats (Foy, Chiaia, and Teyler, 1984; Gould, Woolley, Frankfurt, and McEwen, 1990; Meyer, Ferres-Torres, and Mas, 1978) , a direct link was recently described between organizational influence of testosterone on adult spatial navigation in the water maze and its possible hippocampal correlates (Roof and Havens, 1992) . Roof and Havens (1992) have shown that the width and thickness of the dentategyrus granule cell layer (DG-GCL) were larger in males than in females, and sex differences in both water maze navigation and DG-GCL morphology were reversible by neonatal testosterone manipulations. In sum, the above findings suggest that testosterone in the first postnatal week may interact with critical processes in hippocampal development which, in turn, influence sex differences in spatial ability at adulthood.
Apart from its direct effects, testosterone may play a significant role in sexual differentiation of spatial ability through its aromatization into estradiol. It is plausible that the masculinizing agent in the studies mentioned above may be estrogen through conversion of testosterone to estrogen locally in the brain by the action of the aromatase enzyme. In favor of this argument, Williams et al. (1990) found that male rats which were implanted with ATD, an aromatase inhibitor, for the first 10 postnatal days performed poorly on maze tasks compared to control males. Similarly, early postnatal treatment of females with estradiol benzoate improved choice accuracy during acquisition on a radial arm maze (Williams et al., 1990) . Moreover, a dose-dependent relationship between levels of circulating estrogen and spatial ability was reported, higher levels being associated with poorer spatial performance and lower levels being associated with better spatial performance in late-developmental to juvenile rats (Galea, Kavaliers, Ossenkopp, and Hampson, 1995; Sauve, Mazmannian, and Woodside, 1990) .
Although more studies are needed to clarify how estrogen may organize spatial ability, there are promising lines of research that provide evidence for neural mechanisms that estrogen may regulate. For example, a transient expression of high levels of estrogen receptors in the Ammon's horn as well as the entorhinal cortex is found in the neonatal tissue (O'Keefe and Handa, 1990; Loy, Gerlach, and McEwen, 1988) , which may provide a direct neural basis for the organizational effect of estrogen. In addition, MacLusky, Clark, Naftolin, and Goldman-Rakic (1987) have demonstrated aromatase activity in the hippocampus perinatally. Thus, it is possible that androgen-driven sex differences in adult spatial ability and hippocampal morphology may involve the indirect influence of estrogen through local estrogen biosynthesis in the hippocampus in early development.
In addition to evaluation of critical gonadal steroid(s) that drive sex differences in maze navigation and their hippocampal correlates, another important variable to study is critical period(s) for such steroid actions. Studies on organizational effects of androgens, and in a few studies, estrogen, on spatial ability have almost exclusively targeted the first 10 postnatal days to be critical for the establishment of sex differences. However, functional gonadal steroids can be detected in the blood stream of the rat in as early as the last week of gestation (Picon, 1976; Weisz and Ward, 1980) . Moreover, although the hippocampus is considered to be a late developing structure, a significant portion of the pyramidal cell development takes place in the last week of gestation (Schlessinger, Cowan, and Swanson, 1978) . Not only androgen and estrogen receptors are detected in the embryonic and neonatal rat hippocampus (Vito and Fox, 1982) , as mentioned, the hippocampus is reported to contain high levels of aromatase comparable to the levels observed in the amygdala and the neocortex perinatally (MacLusky et al., 1987) . Hence, it is possible that prenatal androgens and/or estrogen may alter critical aspects of hippocampal development in such a way to influence sex differences in spatial navigation at adulthood.
The current experiment attempts to tease apart prenatally androgen-and estrogen-sensitive sex differences in spatial ability and hippocampal morphology. A valuable addition to the reviewed work above would involve comparisons of effects of prenatal testosterone, its nonaromatizable metabolite dihydrotestosterone, and estrogen on spatial ability. To achieve this, we have administered testosterone propionate (TP), dihydrotestosterone propionate (DHTP), and estrodial benzoate (EB) to females and an antiandrogen, flutamide, to males prenatally. Comparisons were made among treatment groups, normal controls, and adult castrates in adult Morris water maze navigation and hippocampal morphology. It was hypothesized that testosterone and/or its active metabolites dihydrotestosterone and estrogen may be regulating developmental processes (e.g., neurogenesis, neuronal cell death, neuron migration, somal growth, neuronal differentiation) prenatally, which may significantly influence masculinization and feminization of hippocampal target sites, and ultimately of adult spatial ability. Stereological measurements (i.e., structural volume, neuronal soma size, soma density, estimated total number of neurons) were collected for different subregions within the hippocampus to analyze the regulatory effects of androgens and estrogen. The DG-GCL was chosen as one of the areas to be investigated because of its recently reported androgen sensitivity (Roof and Havens, 1992) . Surprisingly only a few studies have been devoted to analyzing sex differences in the components of the Ammon's horn (Madeira, Sousa, Lima-Andrade, Calheiros, Cadete-Leite, and Paula-Barbosa, 1992). However since both CA1 and CA3 pyramidal cell fields were reported to be gonadal steroid targets (O'Keefe and Handa, 1990; Simerly, Chang, Muramatsu, and Swanson, 1990 ) and show sex differences as well as steroid sensitivities in their morphology (Isgor and Sengelaub, 1996; Juraska et al., 1989; Meyer et al., 1978; Wolley and McEwen, 1992) , both cell fields were also included in the analyses. Preliminary results have been published previously (Isgor and Sengelaub, 1997) .
METHODS
Developmental manipulation. Forty-nine SpragueDawley rats were used as subjects. Pregnant dams were obtained from a commercial breeder (Harlan Laboratories, Indianapolis), and 14 litters were used to form seven experimental groups: males, prenatally flutamide-treated males (FLU), males castrated at adulthood, females, prenatally TP-, DHTP-, and EBtreated females (n ϭ 7 per group). All drugs were administered to pregnant dams daily via sc injections between Embryonic (E) Day 16 and birth (birth ϭ E23, day of conception ϭ E1). Daily doses were as follows: TP, 2 mg; DHTP, 4 mg; EB, 100 g (following the method of Goldstein and Sengelaub, 1990 ; all steroids dissolved in sesame oil); and flutamide, 8 mg (following the method of Grisham, Casto, Kashon, Ward, and Ward, 1992 ; suspended in propylene glycol vehicle). On the day of birth, pups were delivered by cesarean section and cross-fostered to untreated, lactating dams. Delivery was conducted under ether anesthesia and as soon as pups were delivered, dams were overdosed by urethane. Uterine positions and sexes of pups were also recorded at this time, since litter sex ratio was previously correlated with adult spatial performance (Galea et al., 1995) . To prevent postnatal exposure to endogenous androgens, FLU males underwent bilateral gonadectomy on P1 using hypothermia before they were cross-fostered to a new dam. All pups were weaned at P28 and housed in gang cages (three per cage). Also, to control for effects due to adult levels of endogenous steroids, adult castrates were included in analyses. Adult castrations were performed at 50ϩ days of age under ether anesthesia, and animals were allowed to recover for 3 weeks before behavioral testing. Animals were kept on a 12:12 light: dark cycle and a free-feeding schedule throughout the experiment. Standards set by the National Institutes of Health were strictly employed in the care and use of animals.
Behavioral assessment. At adulthood (70ϩ days of age), animals were tested on a water maze. The water maze was a circular pool 2.75 m in diameter and 45 cm in depth. The pool was filled with lukewarm water to a depth of 30 cm and the water was made opaque with the addition of nondairy creamer. A circular Plexiglas platform 10 cm in diameter was used as the escape platform. The water maze was divided into four invisible quadrants, each containing a possible location for the escape platform in the middle of the quadrant. When the maze was filled with water, the escape platform was submerged 1.5 cm under water. The maze was placed in a 3.5 ϫ 3 ϫ 2.5-m room that contained auditory and visual extramaze cues. A radio was located in one corner of the room, and a 2.5 ϫ 2.5-m curtain with large geometric patterns was hung on the front wall. The experimenter was in the room during all trials. In addition, behavior was monitored by an overhead video camera linked to a videorecorder.
Pretraining consisted of two 2-min trials where animals were introduced to the maze individually and were allowed to transverse the maze freely. In the first trial, the maze was filled with opaque water but the escape platform was not included. The quadrant in which each animal spent the least amount of time was recorded. The recorded quadrant for each animal was designated as the critical quadrant (i.e., the quadrant in which the escape platform would be located) to control for response bias. In the second pretraining trial, the escape platform was placed in a randomly chosen quadrant other than the critical quadrant. Animals were introduced to the maze from the vicinity of the escape platform and were manually assisted to climb on the platform.
Following pretraining, latencies to the submerged platform were measured in escape training. Escape latency (i.e., the time between introduction to the maze and climbing on the escape platform) was recorded to index the animal's ability for spatial navigation. On each trial, animals were introduced to the maze from a randomly chosen quadrant facing the wall of the maze. Extramaze cues were present during all training trials. A trial lasted until the animal climbed on the escape platform or 2 min had elapsed. Animals were allowed to stand on the escape platform for 30 s once they had climbed on it. After each trial, animals were completely dried and returned to their home cages. Testing was conducted for six consecutive trials per day (intertrial interval ϭ 4 min) for 7 training days. Latency measures for six consecutive trials were averaged to obtain trial blocks.
Following escape training, spatial bias or transfer test was conducted on Training Day 8. After a single escape training trial, the escape platform was removed from the water maze, and the animal was reintroduced to the maze from a location diagonally opposite to the place where the escape platform would have been. The amount of time spent in the critical quadrant was recorded for 2 min. Spatial bias was assessed only for one probe trial.
Following the spatial bias test, cued escape training was conducted for two trials per day (intertrial interval ϭ 4 min), for 9 training days. A 20-cm-high and 3-cm-wide pvc pipe painted with black and white horizontal stripes was attached to the escape platform and was used as a visual cue. The location of the cued escape platform was chosen randomly among the quadrants other than the critical quadrant for each rat; and every 3 training days, the location was shifted to a different quadrant (thus exhausting all three remaining quadrants). Latency to the cued escape platform was measured for all trials.
Statistical analyses consisted of repeated-measures ANOVAs (groups ϫ trial blocks), one-way ANOVAs, and appropriate planned comparisons as described below. All statistics reported were for two-tailed probability tests.
Histology. After behavioral assessments, animals were given an overdose of urethane and their sex was confirmed by dissection. Animals were then perfused intracardially with 0.9% saline followed by 10% Formalin. Brains were removed, postfixed, and then cryoprotected with 10% Formalin:30% sucrose solution. Frozen sections (40 m) were cut coronally, starting at the section where the anterior commissure was clearly visible and ending at the section where the dentategyrus of the hippocampus was completely invisible. Every fourth section (160-m intervals) was collected in phosphate buffer, mounted on gelatin-coated slides, and stained with cresylecht violet.
Morphometry. Cross-sectional areas of the DG-GCL, CA1, and CA3 pyramidal cell fields were traced for all sections through the rostrocaudal axis using a digitizing tablet and a computer-based morphometry system (Sigmascan, Jandel Scientific, San Rafael, CA) at a final magnification of 65ϫ. Rostral and caudal ends of the DG-GCL, CA1, and CA3 fields were determined following the convention of Zilles (1985) and Paxinos and Watson (1982) . In addition, areas of the pyramidal cell layers in CA1 and CA3 (only the soma containing portion thereof) were measured at 750ϫ for determination of estimated pyramidal neuron number (see below). Area measurements were then used to estimate structural volumes using the Cavalieri estimator (Rosen and Harry, 1990) .
In addition to overall structural volumes, pyramidal soma size, density, and number in the CA1 and CA3 fields were also assessed. Soma size measurements were taken at a final magnification of 2200ϫ. Cells were identified as neurons using the standard morphological criteria of nonhomogeneous staining and multipolar cell body containing Nissl substance and a well-defined nucleus. Small, oval cells with granular staining and lacking Nissl substance were considered glia and, therefore, were excluded from analyses. Pyramidal somas were traced directly from the microscope, under bright-field illumination, using a videobased morphometry system (JAVA, Jandel Scientific). A total of approximately 50 pyramidal neurons per field per animal was sampled using a systematic ran dom sampling procedure (every third section) through the rostrocaudal axis.
Estimates of the total number of neurons in the pyramidal cell layers of the CA1 and CA3 fields were obtained by counting pyramidal neurons using the optical disector method outlined by Coggeshall (1992) and a procedure similar to that of West and Gundersen (1990) . The length of the disector was approximately 38 m which was adequate for visualizing neurons in multiple focal planes. Counts were made using an unbiased counting frame of 85 ϫ 85 m (neuronal somata touching the upper and right edges of the frame were excluded from counts) at 750ϫ. Pyramidal neuron nuclei were counted as they first appeared in focus while focusing through the z axis, and neurons in the first focal plane (i.e., "tops") were not counted. For each animal, counts were derived from 10 sections, spaced at 480-m intervals uniformly distributed through the entire rostrocaudal extent of the hippocampus. Within each section, 10 sampling areas were determined following a systematic random sampling scheme that allowed coverage of the entire field of interest in the x-y axis. Special attention was given to using the equivalent sampling areas across brains. Pyramidal neuron counts were then expressed as a density (average neuron number per unit area multiplied by the section thickness). Unilateral estimates of the total number of pyramidal neurons in CA1 and CA3 were then obtained by multiplying the volumetric densities by the volume of only the soma-containing portion of each field.
All morphological measurements were collected for both hemispheres. Since no sex-dependent lateral asymmetry was detected in any of the morphological measurements, however, data were averaged across hemispheres for final analyses. Statistical analyses consisted of one-way ANOVAs and appropriate planned comparisons as described below. All statistics reported were for two-tailed probability tests.
RESULTS

Spatial navigation
Spatial navigation in the water maze was analyzed using three variables corresponding to three test phases.
Escape training. Average escape latency to a submerged platform was plotted across blocks of six consecutive trials for males, FLU males, adult castrates, females, TP females, DHTP females, and EB females (Fig. 1) .
A repeated-measures ANOVA showed a significant difference in escape latencies between groups and trial blocks [F(36, 252 ) ϭ 2.36, P Ͻ 0.03]. Main effects of both groups and trial blocks were significant [F(6, 252) ϭ 207.35, P Ͻ 0.0001 and F(6, 252) ϭ 12.95, P Ͻ 0.0001, respectively]. Thus, on average, all group's latencies significantly improved across training, and groups showed marked differences in latencies regardless of trial block.
A one-way ANOVA conducted on escape latencies on the last trial block revealed a significant difference between groups [F(6, 42) ϭ 7.42, P Ͻ 0.0001]. Males, adult castrates, TP-, DHTP-, and EB-treated females showed average escape latencies shorter than females and FLU males on the last trial block [M (male) In order to assess whether relative amounts of androgens in utero influenced the development of sexually dimorphic spatial ability in adulthood, uterine positions of females were classified into three categories: females located adjacent to one male (M1), females located in between two males (M2), and females located in between two females (M0). No differences due to in utero positioning were observable in escape latencies on the last trial block between M2 and M0 females [M (M2, n ϭ 4) ϭ 0.70 min, M (M0, n ϭ 3) ϭ 0.68 min].
Spatial bias. Average percentage of time spent in the critical quadrant for a single, 2-min probe trial was plotted for males, FLU males, adult castrates, females, TP females, DHTP females, and EB females to assess whether a spatial bias had been formed toward the vicinity of the platform due to escape training (Fig. 2) .
A one-way ANOVA revealed a significant difference in the percentage time spent in the critical quadrant between groups [F(6, 42) ϭ 67. Cued escape training. Average escape latencies to a cued platform across blocks of two consecutive trials for three platform locations (quadrants 1-3) were plotted for males, FLU males, adult castrates, females, TP females, DHTP females, and EB females (Fig. 3) . Repeated-measures ANOVAs showed no significant interactions among trial blocks and groups for all platform locations [Fs(12, 84 
Morphometry
The DG-GCL, CA1, and CA3 pyramidal cell field volumes, CA1 and CA3 pyramidal neuron soma size, density, and estimated total number were compared among groups (n ϭ 6 per group).
FIG. 3.
Mean latencies to the cued platform across blocks of two consecutive trials for three platform positions (Quadrants 1-3) for males, flutamide-treated males, adult castrates, females, TP females, DHTP females, and EB females. Points represent means Ϯ SEMs. No significant differences were observed in cue learning.
Volume. Average volumes of the DG-GCL, CA1, and CA3 pyramidal cell fields were plotted for males, FLU males, adult castrates, females, TP females, DHTP females, and EB females (Fig. 4) . A one-way ANOVA showed no significant differences between groups in the DG-GCL volume [F(6, 35) Soma density. Average CA1 and CA3 pyramidal neuron soma densities were plotted for males, FLU males, adult castrates, females, TP females, DHTP females, and EB females (Figs. 9 and 10) . One-way ANOVAs showed no significant differences in the soma density between groups for both cell layers [Fs(6, 35) Ͻ 2.45, ns] .
Estimated neuron number. Average CA1 and CA3 estimated pyramidal neuron numbers were plotted for males, FLU males, adult castrates, females, TP females, DHTP females, and EB females (Figs. 9 and 10). One-way ANOVAs revealed no significant differences in unilateral estimates of total number of neurons between groups for both cell layers [Fs(6, 35) Ͻ 1.94, ns].
DISCUSSION
Exposure to androgens and estrogen in the last week of gestation significantly reversed sex differences in adult spatial navigation measured on the water maze, hippocampal-CA1 and -CA3 pyramidal cell field volumes, and neuronal soma sizes. Selective effects of prenatal EB and DHTP and overlapping effects of TP were observed in the CA1 and CA3 fields, and all steroids (TP, EB, and DHTP) had significant masculinizing effects on the water maze performance of females. Moreover flutamide-treated males showed feminized water maze performance and hippocampal morphology. Finally, castration at adulthood did not cause alterations in either water maze performance or hippocampal morphology.
Behavior. At the completion of escape navigation, males reached significantly shorter escape latencies FIG. 9. Mean CA1 pyramidal neuron density (top, measured by using the optical disector method, see text) and estimated total number (bottom, computed by multiplying the neuron density by the volume of the CA1 field-pyramidal cell layer) plotted for males, flutamide-treated males, adult castrates, females, TP females, DHTP females, and EB females. Vertical bars represent means Ϯ SEMs. Both neuron density and number did not significantly differ among groups.
than females, and prenatally TP-, EB-, and DHTPtreated females all showed latencies similar to those of males. Although escape latencies from EB-treated females showed a gradual drop across training blocks, sex reversal due to prenatal EB treatment was significant only on the last trial block. Hence, even though prenatal EB resulted in masculine latencies in females at the completion of training, the drop in latencies across training was slower compared to that in males, TP-, and DHTP-treated females. Therefore, we conclude that prenatal EB may not be as effective as TP or DHTP in influencing escape training.
Flutamide-treated males had escape latencies comparable to those of females, which suggests that lack of androgens during the last week of gestation may contribute to impairments in water maze performance at adulthood. Adult castration did not cause alterations in the escape latency, hence adult circulating levels of androgens do not seem to critically affect escape training. Our findings are in agreement with those from previous studies where adult castration of males or androgen treatment of females was repeatedly shown to have no significant effect on spatial ability (Beatty, 1984; Dawson et al., 1975; Stewart et al., 1975) .
Similar findings were observed in the spatial bias test as well. All steroid-treated females showed significant biases for the platform location compared to females; however, the magnitude of the effect was smaller for the EB-treated group compared to the others. Flutamide treatment resulted in less bias for the platform location, whereas adult castration did not have an effect on spatial bias. Collectively these behavioral data suggest that, although magnitudes of the effects may differ, prenatal androgens and estrogen influence sex differences in adult spatial navigation.
It should be mentioned that the escape latencies observed in the present study were longer, the decrease in latencies across trials was slower, and the final sex difference was bigger than those reported before (Morris, 1981 (Morris, , 1983 Morris et al., 1982; Roof and Havens, 1992) . We propose that the above discrepancies are due to methodological differences between studies. For example, in the present study, a larger maze was used compared to the sizes of mazes most commonly used in similar studies, while the size of the escape platform remained the same. The large-sized maze may result in longer latencies and accentuate differences in spatial ability by simply making it more difficult to determine the location of the submerged platform. Moreover, in addition to widely used visuospatial cues, the present study also included an audiospatial cue in its design, which, by virtue of adding another extramaze information, may give groups with higher spatial ability an advantage in locating the submerged platform. In fact, recently, larger steroidsensitive sex differences were reported in maze navigation using auditory cues in comparison to visual cues (Bowman, Moseley, Volker, Sedevic, and Zrull, 1997) . By the same token, it is also conceivable that increasing the number of spatial cues in the environ-FIG. 10. Mean CA3 pyramidal neuron density (top, measured by using the optical disector method, see text) and estimated total number (bottom, computed by multiplying the neuron density by the volume of the CA3 field-pyramidal cell layer) plotted for males, flutamide-treated males, adult castrates, females, TP females, DHTP females, and EB females. Vertical bars represent means Ϯ SEMs. Both neuron density and number did not significantly differ among groups. ment, and/or presenting spatial cues of multiple modalities simultaneously, may slow down improvement in spatial navigation across trials in all groups due to attentional constraints. Video recordings show that behaviors such as floating and freezing were not encountered frequently. When such behaviors occurred, they were very brief, always right after introduction of the animal to the maze and did not appear to be group-specific. Animals most commonly alternated between swimming around the periphery of the maze and transversing the maze when they did not find the platform. Regardless of procedural differences, the present findings are in agreement with previous findings in that there are significant sex differences in water maze navigation that are, also, developmentally steroid-sensitive (Roof and Havens, 1992) .
In the cued escape navigation, all groups found the platform equally successfully, suggesting that early developmental gonadal steroid status did not result in differences in the visual version of the water maze task. This finding indicates that observed differences in escape performances among groups of different steroid status are not due to nonspatial parameters (e.g., motor ability, motivational factors), but due to the ability to detect and/or remember spatial location of the goal object (i.e., platform) relative to fixed place cues (e.g., curtain, sound source). A distinction between place learning (i.e., learning dependent on distal room cues) versus cue learning (i.e., learning dependent on local maze cues) in water maze performance has been reported before in terms of only the former being a hippocampal task (Morris, 1981 (Morris, , 1983 Morris et al., 1982; Whishaw, 1987) .
Organizational influences of prenatal androgens on sex differences in adult reproductive functions and in a few conditioning paradigms have been reported before. Vom Saal and Bronson (1980) demonstrated individual variation in sexual characteristics of adult female mice which they traced to differential exposure to testosterone from their brothers carried via the placental circulation during prenatal life. Beatty (1979) reported that prenatal exposure to cyproterone acetate, an antiandrogen, increased activity and rearing responses of males to levels that approximate those seen in females. Organizational influences of androgens during the prenatal period were also found to be responsible for sex differences in avoidance acquisition (Beatty, 1979) . In addition to the above findings, the present data further suggest that the prenatal gonadal steroid environment may also be critical in the development of sex differences in cognitive functions such as maze navigation.
It has been proposed previously that the intrauterine position and the litter sex ratio influence the androgen environment in the uterus, which, in turn, affects adult spatial performance. Empirical evidence for a positive correlation between intrauterine position and adult water maze performance has been demonstrated in voles (Galea et al., 1994) . In the current experiment, however, no differences were detected in spatial navigation between female rats that were contiguous to male versus other female rats in the uterus.
Morphometry. Although no sex or steroid effects were detected in the DG-GCL volume, robust sex differences were found in the CA1 and CA3 pyramidal cell field volumes (male Ͼ female).
In the case of the CA1 field, the sex difference was fully reversed by prenatal treatments of TP and EB in females, and flutamide in males. Prenatal DHTP treatment of females was, however, ineffective in altering the CA1 volume. The fact that prenatal EB fully masculinized the CA1 volume, whereas prenatal DHTP had no effect, may indicate that estrogen, perhaps through aromatization, acts as the masculinizing agent. In addition, the fact that flutamide treatment was also sufficient to fully feminize the CA1 volume suggests that androgens are also involved in the masculinization of the volume of this cell layer. A sex difference of a similar magnitude (i.e., 16%) in the volume of the CA1 pyramidal cell field was reported before in adult rats (Madeira et al., 1992) which is confirmed and further shown to be steroid-sensitive in the current study.
The sex difference in the CA3 volume was also fully reversed by prenatal TP treatments of females and flutamide treatment of males. However, in the case of the CA3 pyramidal cell field, DHTP treatments of females resulted in significant masculinization of structural volume, whereas EB treatment was ineffective. Thus androgens appear to be solely responsible in regulating masculinizing effects in the CA3 volume.
In parallel with the volume findings, the CA1 and CA3 pyramidal neuron soma sizes also showed sex differences which were reversible by prenatal gonadal steroids. The CA1 pyramidal neuron soma size was fully masculinized by prenatal TP and EB treatments of females, and fully feminized by flutamide treatment of males. Since prenatal DHTP did not result in effects in the CA1 pyramidal neuron soma size while prenatal EB did, it is possible that a component of the masculinization effect of testosterone on soma size is brought about by aromatization. However the fact that flutamide treatment can also significantly alter neuronal soma size may suggest that combined ac-tions of both prenatal testosterone and estrogen may be needed to regulate the CA1 pyramidal neuron soma size.
CA3 pyramidal neurons also showed a sex difference in their soma size which was reversed by prenatal TP and DHTP treatments of females, and flutamide treatment of males. Prenatal EB treatment was ineffective; hence CA3 soma size seems to be androgendependent. In both CA1 and CA3 pyramidal neurons, soma size was not influenced by adult castrations; hence adult circulating levels of gonadal steroids do not seem to be necessary to sustain masculine soma sizes.
Prenatal gonadal steroids did not induce changes in neuron density and estimated total number in both CA1 and CA3 pyramidal cell layers. Thus prenatal gonadal steroids do not seem to regulate early developmental processes such as neurogenesis and neuronal cell death in a way that would affect total number of neurons in both CA1 and CA3 pyramidal cell layers. In estimating neuron number, an unbaised stereological technique was used (see Methods). In addition, measurements of soma density and cell layer volume that were used in estimating neuron number were confined to only the soma-containing portion of the cell field. This strategy was used to avoid biasing neuron number estimates by the cell field volume that exclusively contains the dendritic field. Infact, in addition to the regulation of somal growth, early developmental androgens and estrogen may also regulate the dendritic arbors of the CA1 and CA3 pyramidal neurons in such a way to contribute to the volume effects reported here. Indeed, sex differences in the dendritic morphology of the CA3 pyramidal neurons and their steroid regulation have been shown before (Isgor and Sengelaub, 1996; Juraska et al., 1989) .
The fact that the DG-GCL volume did not show sex and/or steroid effects in the current study while the width and thickness of this layer were both reported to be sexually dimorphic and neonatally androgensensitive previously (Roof and Havens, 1992 ) deserves a comment. It is entirely possible that sex and androgen effects reported earlier in two-dimensional width and thickness measurements disappear when the DG-GCL size is estimated in three-dimensions (i.e., volume). Due to significant differences in size estimation methods, no conclusive comparisons can be made between findings of the two studies. However, by using unbiased stereological methods, it has been unequivocally shown before that the DG-GCL volume is not sexually dimorphic (Madeira, Paula-Barbosa, CadeteLeite, and Tavares, 1988) and our findings confirm this.
Volume effects in the current study were further characterized by finer morphological measurements such as neuronal soma size, density, and number. However this strategy of analysis does not necessarily imply that since the DG-GCL volume did not differ between sexes and different steroid regimes, similarly dentate-gyrus granule neuron soma size, density, and number should not show sex and/or steroid sensitivities. Infact, although no sex differences are observed in the DG-GCL volume in adult animals, granule neuron density and estimated total number are reported to be greater in male than in female rats (Madeira et al., 1988) . Similarly, other regions in the pyramidal cell field (e.g., CA2, CA4) as well as efferents and afferents of the hippocampus can all factor in organizing sex differences observed in spatial navigation at adulthood. Therefore, although morphological analyses of this experiment have been confined to the DG-GCL, CA1, and CA3 pyramidal cell fields, sex differences in any other part of the hippocampus-spatial navigation system that are not addressed here are equally informative and worthy of attention.
In conclusion, sex differences in the CA1 pyramidal cell field were found to be sensitive to prenatal exposures of both androgens and estrogen, whereas sex differences in the CA3 pyramidal cell field were mainly sensitive to exposures of androgens. It is conceivable that androgens have a more general influence on the hippocampus, whereas estrogen has a more specific one, especially because there are androgen receptors identified throughout the pyramidal cell layer of the hippocampus (Clancy, Bonsall, and Michael, 1991) , whereas estrogen receptors are found in high densities predominantly in the CA1 pyramidal cell layer (Loy et al., 1988) . Also colocalization of androgen and estrogen receptors in the pyramidal cell layer (Vito and Fox, 1982) may provide the basis for interactive effects of these hormones on regulation of processes in early development that produces overall sex differences in adult morphology. Alternatively, masculinizing effects of naturally occuring estrogen and dihydrotestosterone may be due to binding of these hormones to testosterone receptors or upregulation of testosterone receptors in target tissues due to high abundance of testosterone metabolites in the environment. In both cases, estrogen and dihydrotestosterone may be enhancing the androgenic effects rather than inducing direct effects of their own. Such increase in the number of androgen receptors due to estrogen treatment (Handa, Stadelman, and Rresko, 1987) and increase in nuclear retention time of androgen receptors due to both estrogen and dihydrotestosterone (Roselli and Fasasi, 1992) have been demonstrated before in selected brain areas. It is also possible that androgens and estrogen, when present endogenously, may be acting on separate and/or the same sites within the hippocampus in a serial fashion during the critical period rather than acting simultaneously, and take turns in sculpting out sex differences in hippocampal morphology observed at adulthood. For example, transient elevation of estrogen receptors in the perinatal hippocampal tissue (MacLusky et al., 1987; O'Keefe and Handa, 1990 ) may provide a brief developmental period at which time estrogen exerts its effects on hippocampal target sites maximally. Masculinization of other sexually dimorphic neural structures due to synergistic effects of perinatal androgens and estrogen has recently been demonstrated (Burke, Widows, and Sengelaub, 1997) .
In addition to the postnatal critical period (Roof and Havens, 1992; Williams and Meck, 1991) , the present study proposes a prenatally gonadal steroid-sensitive period for the organization of sex differences in adult spatial navigation and hippocampal morphology. Sometime during this period, exposure to androgens and/or estrogen synergistically or separately affects developmental processes in the hippocampus, which may later manifest themselves as sex differences in spatial ability.
